Introduction
============

Lung cancer is the most common malignant tumor harmful to human health. In particular, the NSCLC accounts for nearly 80% of all lung cancers and presents high mortality and morbidity worldwide.[@b1-ijn-12-8239],[@b2-ijn-12-8239] Moreover, a considerable proportion of NSCLC is terminal and already metastasized at diagnosis.[@b3-ijn-12-8239] Chemotherapy is an established treatment method for patients with lung tumor, particularly for those with advanced NSCLC.[@b4-ijn-12-8239] PTX is currently the first-line drug for NSCLC; the drug can induce apoptosis through promotion of tubulin assembly and inhibition of microtubule depolymerization, and prolong survival and improve symptoms. However, the emergence of multidrug resistance is the greatest obstacle to successfully deliver chemotherapeutic drugs to NSCLC.[@b5-ijn-12-8239],[@b6-ijn-12-8239] P-gp is one of the main causes of multidrug resistance, which can quickly pump out anticancer drugs from cancer cells and then reduce the intracellular drug concentration, thereby limiting the anticancer effect of the drug.[@b7-ijn-12-8239]--[@b9-ijn-12-8239] One of the best approaches to overcome this problem is the development of new drug delivery systems for co-delivery of anticancer drugs and P-gp transporter inhibitors.[@b10-ijn-12-8239],[@b11-ijn-12-8239] P-gp transporter inhibitors, such as verapamil and cyclosporine A, have been reported for clinical use, but these present multiple side effects.[@b12-ijn-12-8239] QUE is a natural nontoxic flavonoid present in numerous vegetables and fruits.[@b13-ijn-12-8239] In recent years, QUE has emerged as a therapeutic agent for cancer and inflammatory management.[@b14-ijn-12-8239] QUE has been proven to inhibit lipid peroxidation, capillary permeability, inflammation, and anaphylaxis.[@b15-ijn-12-8239],[@b16-ijn-12-8239] Numerous works showed that QUE in combination with other anticancer drugs exhibits the anticancer activities of the compound and inhibits the expression of the P-gp transporter.[@b17-ijn-12-8239]--[@b19-ijn-12-8239] Accordingly, QUE was combined with chemotherapeutics as a sensitization agent for the treatment of cancer.[@b20-ijn-12-8239]--[@b23-ijn-12-8239] However, the application of PTX and QUE in chemotherapy is limited by poor water solubility, short half-life, high concentration of solubilizers in their clinical formulations, and large toxic side effects which lead to poor patient compliance.[@b24-ijn-12-8239]--[@b27-ijn-12-8239] Therefore, delivery systems adapted to facilitate the targeting of these drugs and improve bioavailability need to be designed.

Several investigations indicated that NPs have attracted attention because of their ability to overcome the disadvantages of conventional antitumor drugs in clinical practice.[@b28-ijn-12-8239] A large number of studies showed that chemotherapeutic drugs delivered in NP form increase the tumor-cell phagocytosis while enhancing aqueous solubility.[@b29-ijn-12-8239] Given their special properties, such as their small size and certain surface characteristics, NPs can protect drugs against enzyme destruction.[@b30-ijn-12-8239] NPs can solubilize hydrophobic anticancer drugs in aqueous condition without a toxic organic solvent or detergent.[@b31-ijn-12-8239] Thus, hydrophobic anticancer drugs could be easily encapsulated into NPs. NPs made of biodegradable polymers are receiving increasing attention.[@b32-ijn-12-8239] CTS is a naturally occurring linear cationic polysaccharide derived from the deacetylation of chitin. CTS has been applied as a drug carrier due to its biomaterial properties.[@b33-ijn-12-8239] Therefore, due to its cationic nature which allows ionic cross-linking with multivalent anions, CTS is particularly suitable for developing NPs, and its availability for group modification occurs through its free amino groups in acidic aqueous solutions.[@b34-ijn-12-8239] In comparison with the unmodified CTS, OA-modified CTS shows improved DL and enhanced stability of NPs because the long hydrophobic chains in CTS could aid the increase in hydrophobic interaction with PTX and QUE.[@b35-ijn-12-8239]--[@b37-ijn-12-8239]

Recently, pulmonary delivery has been shown to be an increasingly attractive route for chemotherapeutic drugs and increases their accumulation in tumor cells because of the enormous surface area for absorption, highly permeable epithelium compared with the gastrointestinal tract, and avoidance of the first-pass hepatic metabolism.[@b38-ijn-12-8239] However, NPs cannot be deposited directly into the lungs, as they fail to settle in the alveoli and get exhaled out due to their nanometer size range (\<1 μm).[@b39-ijn-12-8239] Only particles within the size range of 1--5 μm can be deposited at the bottom of the lung and reach the alveoli.[@b40-ijn-12-8239] Dry powder inhalation of microspheres presents considerable advantages because of special sizes and fluidity. These microsphere attributes allow the drug to be delivered to the action site, and NPs can substantially reduce phagocytosis or mucociliary clearance in the process.[@b41-ijn-12-8239] Therefore, in our study, we combined the advantage of microspheres and NPs. First, two different NPs loaded with drugs were prepared by ionic cross-linking method. Second, a hydrosoluble disintegration agent and a protective agent were added into the NP suspension, which was further spray-dried. The two types of NPs aggregated into microspheres, and the PMs exhibited good redispersibility into individual NPs in aqueous environment ([Scheme 1](#f8-ijn-12-8239){ref-type="fig"}).

This study is aimed toward developing microspheres co-loaded with PTX and QUE NPs to prolong retention time for pulmonary drug delivery. These PMs are considered to possess massive potential for application in drug delivery because they address several issues, including poor water solubility, short half-life, and double-drug pulmonary administration. PMs can reach a suitable particle size and retain the advantages of nanodrugs after redispersion when applied in pulmonary delivery. In addition, PMs can prolong drug release time and increase the retention time of PTX in the lung because QUE could inhibit the expression of the P-gp transporter and improve the sensitivity of the body to PTX. The PMs were designed to develop a novel double-DL, pulmonary sustained-release carrier that increases retention time of PTX in plasma and the lung.

Materials and methods
=====================

Materials
---------

PTX (98.4% purity) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, People's Republic of China). QUE (98.9% purity) was purchased from Hubei Shengtian Hengchuang Biotechnology Co., Ltd (Hubei, People's Republic of China). CTS (DAC =96.1%, molecular weight 12 kD) was obtained from Hai Debei Marine Biotechnology Company (Jinan, People's Republic of China). OA (98.5% purity) was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd (Tianjin, People's Republic of China). TPP (98% purity) was obtained from Chengdu Kelong Chemical Co., Ltd (Chengdu, People's Republic of China). Sodium dihydrogen phosphate, disodium hydrogen phosphate, EDC (99% purity), and NHS (99.5% purity) were obtained from Sigma (St Louis, MO, USA). All other chemicals and solvents were of chromatographic grade.

Synthesis and characterization of OA-CTS
----------------------------------------

OA-CTS was synthesized by condensation reaction. In brief, OA-CTS was synthesized by free radical chain transfer polymerization. Then, OA was conjugated to CTS polymer in the presence of EDC and NHS. CTS (500 mg) was dissolved overnight at 0.1% (w/v) in 50 mL of acetic acid solution under magnetic stirring (SHA-B Homeothermia Agitator and HJ-4 Multichannel Magnetism Heating Stirring Machine; Chang Zhou, People's Republic of China). Carboxyl group of OA/ethanol with total volume 10 mL (50:50, v/v) was activated using EDC (500 mg)/NHS (700 mg) for 20 min and then conjugated with the amino group of CTS. Then, activated solution was added dropwise into CTS solution. The mixtures of OA and CTS were prepared at weight ratios of 1:5, 2:5, 3:5, and 4:5, respectively, and reaction was allowed to occur for 24 h. The resulting reaction solution was poured into 30 mL NH~3~·H~2~O solution (pH 8). The precipitate (OA-CTS) was recovered by centrifugation, washed with methanol and water, respectively, and freeze-dried. The DS of OA-CTS was evaluated by FT-IR, applying the equation of Le Tien et al:[@b42-ijn-12-8239] $$\text{DS}(\%) = \left\lbrack {\frac{A_{1,655}}{A_{3,450}} - 0.12} \right\rbrack \times 100$$where *A*~1,655~ represents the absorptivity of 1,655 cm^−1^ and *A*~3,450~ represents the absorptivity of 3,450 cm^−1^. The value 0.12 represents the acetyl groups specified in native CTS.

Preparation of OA-CNPs with OA-CTS of different DS
--------------------------------------------------

OA-CNPs were prepared by ionic cross-linking of OA-CTS of different DS and TPP. OA-CTS (20 mg) was dissolved overnight at 0.1% (w/v) in 20 mL of acetic acid solution under magnetic stirring. TPP (1 mg/mL) was added dropwise to the OA-CTS solution (1 mg/mL) under continuous stirring till an opalescent solution was obtained, resulting in OA-CNPs. OA-CNPs were separated from the solution by centrifugation for 20 min at 9,000 rpm (9,055× *g*) twice and freeze-dried. The freeze-dried sample was used for further characterization studies. The best carrier materials were screened through particle size, PDI, and zeta potential.

Preparation of PTX-OA-CNPs and QUE-OA-CNPs
------------------------------------------

PTX-OA-CNPs were prepared by a simple ionic cross-linking. Different volumes of PTX/methanol solution (1 mg/mL) were added to 0.1% (w/v) acetic acid/OA-CTS solution (20 mL). Different volumes of TPP solution (1 mg/mL) were added dropwise to this solution under continuous stirring till an opalescent solution was obtained, resulting in OA-CNPs. Then, it was centrifuged at 12,000 rpm (16,099× *g*) for 30 min at 4°C to completely remove free PTX. After centrifugation, the supernatant was used to analyze the DL and EE of NPs. Eventually, samples were lyophilized to obtain PTX-OA-CNPs. QUE-OA-CNPs were prepared with the same method using TPP as the cross-linker.

Preparation of PTX/QUE-OA-CNPs microparticles (PMs) by spray-drying
-------------------------------------------------------------------

The aqueous solutions of PTX-OA-CNPs, QUE-OA-CNPs, hydroxypropyl-β-cyclodextrin, lactose, and mannitol were spray-dried (Büchi^®^ Mini Spray Dryer, B-290; Büchi, Flawil, Switzerland) under constant stirring to generate dry powder formulations. The spray-drying conditions were as follows: inlet air temperature, 120°C; outlet air temperature, 85°C; spray flow rate, 400 L/h; and feed pump speed, 5 mL/min. The products were collected and stored in desiccators at room temperature.

Determination of DL and EE
--------------------------

DL and EE of drugs in the PMs were calculated based on the amount of drugs present in CNPs and the amount of free drugs present after centrifugation. Then, the DL and EE of PTX and QUE were determined directly in the PMs. The PMs were dissolved in methanol and extracted by sonication for 30 min. The EE and DL in the spray-dried microparticles were determined by analysis of the samples in suspension after centrifugation at 12,000 rpm for 30 min at 4°C. The sample was adequately washed by methanol after centrifugation. The amount of drugs was measured by HPLC.

The HPLC analyses were carried out using a system (Agilent 1260 infinity LC; Agilent Technologies, Palo Alto, CA, USA) equipped with a C-18 reversed phase column (4.6×250 mm, 5 μm; Hypersil ODS). Methanol and water (containing 0.05% glacial acetic acid) (63:37, v/v) were used as the mobile phase with a flow rate of 1 mL/min at 25°C, and the wavelength was set at 254 nm.

The EE and DL were calculated using the following equation: $$\text{EE}(\%) = \frac{D_{d}}{D_{t}} \times 100\%$$ $$\text{DL}(\%) = \frac{D_{d}}{W_{p}} \times 100\%$$where *D*~t~ represents the weight of total added drug, *D*~d~ represents the drug amount determined in the PMs, and *W*~p~ represents the weight of drug-loaded PMs. All samples were analyzed in triplicate.

TEM
---

The structure and topography of the OA-CNPs, PTX-OA-CNPs, and QUE-OA-CNPs were examined using a trans-mission electron microscope (CM30 electron microscope; Philips, Amsterdam, the Netherlands), operated at an acceleration voltage of 100 kV. One drop of each sample dispersion (1 mg/mL) was carefully casted onto a clean copper grid. Then, extra solution was air-dried and directly observed under the transmission electron microscope without staining.

SEM
---

PMs were sputter-layered with gold under partial vacuum using a scanning electron microscope (s4500n; Hitachi High-Tech Science Corporation, Tokyo, Japan) for visual inspection of the surface morphology. The PMs were mounted on metal stubs using double-sided adhesive tape and vacuum-coated with gold film.

Analysis of particle-size, zeta potential, and aerodynamic diameter of PMs
--------------------------------------------------------------------------

The particle size, size distribution, and zeta potential of NPs were measured by DLS using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). PTX-OA-CNPs, QUE-OA-CNPs, OA-CNPs, and PMs were diluted in deionized water to approximately 1 mg/mL, respectively. All measurements were performed at 25°C. Three subsequent measurements were obtained for each sample, and the results were expressed as mean size ± SD.

A certain amount (0.5 g) of PMs was weighed precisely and placed in a 5 mL measuring pycnometer after mechanical tapping at 30 tap/min until no change in volume was observed. The last constant volume of the microspheres was recorded. Tapped density measurements were then obtained until no change in volume was observed (n=3). The data obtained for geometric particle size (*d*) and tapped density (*D*) were used to determine the theoretical aerodynamic diameter (*d*~ae~). Aerodynamic diameter (d~ae~) was calculated using the following equation:[@b43-ijn-12-8239],[@b44-ijn-12-8239] $$d_{\text{ae}} = d\sqrt{\frac{\rho}{\rho_{1}}}$$where *ρ* represents the tapped density of PMs, ρ~1~ represents the water mass density (*ρ*~1~=1 g/cm^3^) PMs, and d represents the geometric particle size of PMs.

FT-IR analysis
--------------

FT-IR analysis was recorded using an FT-IR Avater-360 spectrometer (PerkinElmer, Waltham, MA, USA), which scanned in the region of 4,000--400 cm^−1^ for each spectrum, with a resolution of 2 cm^−1^. PTX-OA-CNPs, QUE-OA-CNPs, OA-CNPs, free PTX, QUE, OA-CTS, CTS, and PMs were mixed with KBr and compressed into pellets. The characteristic peaks of the FT-IR transmission spectra were documented.

DSC
---

PTX-OA-CNPs, QUE-OA-CNPs, OA-CNPs, free PTX, QUE, OA-CTS, CTS, and PMs were analyzed using DSC7020 (Hitachi High-Tech Science Corporation). The samples were sealed in a standard aluminum pan and heated from 40°C to 600°C at a scanning rate of 2°C/min under a 20 mL/min inert nitrogen flow rate. An empty sealed aluminum pan was used as reference. The characteristic peaks and specific heat of the melting endotherm were recorded.

XRD
---

The drugs, lyophilized NPs, and PMs were analyzed by XRD (X'pert pro; Philips) in a range of 5°--60° (2*θ*), using Cu-Kα radiation (*λ*=0.15406 nm) generated at 40 kV and 20 mA, at a scan rate of 0.02° 2*θ*/s.

Determination of redispersibility of PMs
----------------------------------------

The ability of PMs to deaggregate into CNPs was determined at 37°C using a disintegration time determinator (ZB-1E; Tianda Tianfa Technology Co., Ltd, Tianjin, People's Republic of China) and deionized water as medium. The redispersibility time was the time required to transform PMs immersed in water into CNPs with vertical vibrations at a rate of 30 vibrations per min. The redispersibility time of PMs (batches of 20 mg quantity) was recorded (n=6). The CNPs were collected in medium after redispersibility. The particle size and size distribution were measured by DLS using a Zetasizer Nano ZS90. TEM technique was also employed for confirming the size of dispersed CNPs.

Stability test after redispersibility of PMs
--------------------------------------------

CNPs constituting PMs were analyzed in medium following depolymerization after 72 h of storage at 37°C. All measurements were performed at 37°C using a Zetasizer Nano ZS90 (Malvern Instruments) to investigate the stability of CNPs at 0, 6, 12, 24, 36, 48, and 72 h. Three subsequent measurements were obtained for each sample, and the results were expressed as mean size ± SD.

In vitro drug release studies
-----------------------------

The in vitro release of PTX and QUE from the PMs was studied as described by Maya et al[@b45-ijn-12-8239] with modifications employing two different pH values, 4.5 and 7.4. The procedure utilized a dialysis system comprising a dialysis bag and a receptor chamber. PMs, QUE, and PTX were each dispersed in 2 mL of release medium (0.01 M, PBS of pH 7.4 and acetate buffer of pH 4.5 containing 1% \[w/v\] Tween 80) in a dialysis bag (molecular weight cutoff =12,000 D, Spectrum^®^, Los Angeles, CA, USA), respectively. Tween 80 was used to increase the solubility of PTX and QUE in the buffer solution to maintain sink condition. Then, the dialysis bag was placed in 50 mL of the release medium, maintained at 37°C±0.5°C, and shaken at 100 rpm. At predetermined time intervals, 2 mL of release medium was withdrawn and replaced with the same volume of fresh medium. Blank PMs were used in the blank control group. The amount of PTX and QUE was measured by HPLC at 254 nm. The CR rate of PTX and QUE was calculated using the following equation: $$\text{CR}(\%) = {\sum\limits_{t = 0}^{t = \infty}{\frac{M_{t}}{M_{0}} \times 100\%}}$$where *M*~t~ represents the release of PTX and QUE in PBS for *t* hours and *M*~0~ represents the content of PTX and QUE in the PMs. All experiments were carried out in triplicate. The release data were analyzed using zero-order, first-order, Higuchi, and Korsmeyer--Peppas models. The regression analysis was performed, and the best model was chosen on the basis of relative coefficient (*R*^2^).

In vitro hemolysis assay of PMs
-------------------------------

In vitro hemolysis caused by PMs was determined by three-wavelength colorimetry.[@b46-ijn-12-8239] Fresh blood was taken from different mice into a tube containing ACD. About 100 μL ACD was added to 600 μL fresh blood. Then, 100 μL of four different concentrations of PMs was added to the blood and incubated for 2 h at 37°C, and shaken at 100 rpm. Plasma was collected by centrifugation at 4,500 rpm for 10 min, and evaluated by UV--vis spectroscopy (Shimadzu UV-Vis Spectrophotometer UV-1700; Shimadzu, Kyoto, Japan) at 450, 380, and 415 nm. Blood treated with 1% Triton X-100 was taken as positive control, and saline-treated blood acted as negative control in this experiment where total Hb value of blood represents the Hb value of blood treated with 1% Triton X-100. The plasma Hb was calculated using the following equation: $$\text{Plasma~Hb} = \frac{\lbrack 2(A_{415}) - (A_{380} + A_{450})\rbrack \times 1,000 \times \text{dilution~factor}}{E \times 1.655}$$where *A*~415~, *A*~380~, and *A*~450~ represent the optical density values at 380, 450, and 415 nm, respectively. *E* is the molar absorptivity value of oxyhemoglobin at 415 nm, and 1.655 is the correction factor accounting for plasma turbidity. $$\%\text{Hemolysis} = \frac{\text{Plasma~Hb~value~of~sample}}{\text{Total~Hb~value~of~blood}} \times 100$$

In vivo pharmacokinetic study and tissue distribution
-----------------------------------------------------

Wistar rats (weighing 200--220 g, equal numbers of male and female) were obtained from Lukang & Co. (Jining, People's Republic of China). The rats were housed for an acclimation period of at least 2 weeks before experiments with free access to food and water at 25°C±3°C and 50%±20% relative humidity under a 12 h light--dark cycle. Before surgery, rats were anesthetized by intraperitoneal injection of ethylurethane (20%). After surgery, all rats were transferred to restraining cages. The animal protocol was approved by Shandong Medical Laboratorial Animal Administration Committee. Rats were allowed free access to water and food throughout the experiment. All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication No 80-23). All efforts were made to minimize the number of animals used and their suffering.

Biodistribution studies of PTX/QUE-loaded PMs for pulmonary delivery were carried out using dry powder insufflator (Model DP-4; Penn-Century Inc., Philadelphia, PA, USA). The cannula of the dispositive was inserted directly into the trachea through the mouth, and single intravenous administration and combined intravenous administration of PTX/QUE were carried out in rats. Before experiments, the rats were randomly separated into four groups as follows: Group A: intratracheal administration of PMs (PTX 15 mg/kg and QUE 15 mg/kg); Group B: intravenous administration of PTX (15 mg/kg); Group C: intravenous administration of QUE (15 mg/kg); and Group D: intravenous administration of PTX (15 mg/kg) and QUE (15 mg/kg). After being weighed, rats were anesthetized using ethylurethane (1 g/kg, intra-peritoneal), and the depth of anesthesia was continuously controlled. Then, they were given corresponding medicine as per grouping. Blood samples were taken from the heart at predetermined intervals (0.083, 0.25, 0.5, 1, 2, 3, 4, 6, and 8 h) and collected in heparinized tubes (six rats in each group for every time point). Whole blood was centrifuged at 5,000 rpm for 5 min, and 500 μL of plasma was collected and stored at −20°C until analysis. Then, 1.5 mL methanol was added to 0.5 mL plasma, vortexed for 5 min, and supernatant was obtained after centrifugation at 10,000 rpm for 10 min at 4°C. The concentrations of PTX and QUE in plasma were measured by HPLC with SA as internal standard.

Tissue distribution was studied at predetermined time points (0.25, 1, 3, and 6 h) in the experimental animals. After blood samples were collected from the heart, the rats were sacrificed, and the tissues including the heart, liver, spleen, lung, and kidney were collected, weighed, and frozen at −20°C until further analysis. The tissues were formulated into homogenates using saline solution (1 g/mL). Three volumes of methanol were added to tissue homogenates, vortexed for 5 min, and supernatant was obtained after centrifugation at 10,000 rpm for 10 min at 4°C. Then, the concentrations of PTX and QUE in plasma were measured by HPLC with SA as internal standard.

Statistical analysis
--------------------

The experiments were performed at triplicate, and results reported in this study were expressed as mean ± SD. All analyses were carried out using SPSS for Windows statistical software (version 19.0; IBM Corp, Armonk, NY, USA), and statistical differences were considered to be significant at a level of *P*\<0.05.

Results and discussion
======================

Preparation and characterization of OA-CTS of different DS
----------------------------------------------------------

The formation of amide linkage between OA and CTS was evidenced in the FT-IR spectra ([Figure 1A](#f1-ijn-12-8239){ref-type="fig"}). The FT-IR spectrum of pure CTS showed absorption bands at 3,440 cm^−1^, which corresponds to the OH stretching vibrations. The bands at around 1,630 cm^−1^ can be attributed to the stretching vibrations of amide bond. The peaks near 1,390 and 1,090 cm^−1^ are characteristic of amide III and C-O, respectively. Compared with those of CTS absorption, the spectra of OA-CTS showed numerous changes, such as the changes in intensity of OA-CTS at 2,921 cm^−1^ (ν~as~CH~2~) and the increase at 1,373 (δCH~2~) and 1,077 cm^−1^ (τCH~2~). Absorption at 3,417 cm^−1^ (OH, NH~2~) and the band at 1,648 cm^−1^ (δN-H of amide) decreased. However, the peaks at 1,648 cm^−1^ for amide groups were sharper in OA-CNPs. These changes of peaks were due to the chemical reaction between the carboxyl group of OA and the amino group of CTS in the presence of EDC/NHS, and the formation of an amide bond. The peaks at 1,090 (τCH~2~), 1,380 (δCH~2~), 2,850 (ν~s~CH~2~), and 2,921 cm^−1^ (ν~as~CH~2~) were stronger and sharper in the sample with high DS, and their intensities were proportional to the DS value. The results revealed that coupling occurred between CTS and OA.

As shown in [Table 1](#t1-ijn-12-8239){ref-type="table"}, 5%, 7%, 11%, and 27% DS values were obtained for different mixing ratios of CTS and OA, by applying the equation by Le Tien et al.[@b42-ijn-12-8239] The mean particle size, PDI, and zeta potential of NPs were dependent on the DS of OA-CTS ([Table 1](#t1-ijn-12-8239){ref-type="table"}). The mean particle size of OA-CTS decreased from 435.1 to 150.4 nm because of an increase in weight ratio of CTS to OA. However, the zeta potential of OA-CTS at a weight ratio of 4:5 was significantly lower than that of other groups (*P*\<0.05), and PDI was higher than that of other groups (*P*\<0.05). These findings are due to the reduction of free amine group, leading to decreased positive electrical properties and stability. Most suitable NPs with 11% DS were produced using OA-CTS at 3:5 weight ratio.

Determination of EE, DL, and yield
----------------------------------

The OA-CNPs, PTX-OA-CNPs, and QUE-OA-CNPs were prepared using OA-CTS with 11% DS. Drug-loaded CNPs (no ultracentrifugation), free drugs in nanosuspension, and pharmaceutical excipients were subjected to spray-drying. This method produced CNPs with higher DL than drug-loaded CNPs, and also with higher EE than CTS and free drug directly spray-dried. The PTX and QUE were efficiently encapsulated in PMs. The DL of PTX and QUE was 15.36% and 14.79% and the EE was 92.6% and 90.3%, respectively. The production yield of spray-dried PMs was about 70% which was higher than that of the CTS microspheres (about 50%) prepared in our laboratory.[@b38-ijn-12-8239]

TEM and SEM
-----------

The surface morphologies and particle sizes of OA-CNPs, PTX-OA-CNPs, and QUE-OA-CNPs were determined by TEM analysis and are shown in [Figure 2A--C](#f2-ijn-12-8239){ref-type="fig"}. The typical representative images show that these NPs possess a uniformly dispersed structure and nearly spherical shape. OA-CTS cross-linked with TPP in the solvent without drugs locked water molecules in the core position of NPs. However, in the solvent with PTX or QUE, stronger hydrophobic interactions between the OA-CTS and hydrophobic drugs prompted the excretion of water molecules from the core position of NPs. OA-CNP dispersion was more translucent compared with PTX-OA-CNPs and QUE-OA-CNPs.

SEM was employed to study the surface morphologies and overall structural characteristics of spray-dried PMs with different scales, and the images are shown in [Figure 3B--D](#f3-ijn-12-8239){ref-type="fig"}. PMs displayed regular spherical granules and a particle diameter range of 1--5 μm. During drying of atomized NPs in the spray drier, the escaped solvent left a pore on the surface of PMs. [Figure 3C and D](#f3-ijn-12-8239){ref-type="fig"} shows that a large number of NPs were loaded on the PMs. These NPs were in a uniform size, compactly distributed with adjacent NPs, and had a particle diameter of about 100 nm. The results indicate that the PMs were polymers formed by a large number of NPs; moreover, PMs possessed good geometric particle diameter (1--5 μm) and uniformity. NPs loaded on PMs were smaller than PTX-OA-CNPs and QUE-OA-CNPs in nanosuspension. We speculate that this finding is due to the evaporation of a large amount of water from NPs through spray-drying, thus resulting in the formation of a compact structure.

Analysis of particle size, zeta potential, and aerodynamic diameter of PMs
--------------------------------------------------------------------------

The particle size distributions of NPs and the spray-dried microspheres were investigated using laser diffraction ([Figures 2](#f2-ijn-12-8239){ref-type="fig"} and [3](#f3-ijn-12-8239){ref-type="fig"}). The particle size distributions of OA-CNPs, PTX-OA-CNPs, QUE-OA-CNPs, and PMs were found to be uniform with average diameters of 226.1, 246.5, and 247.4 nm and 3.373 μm, respectively. Diameter is the most important factor in the deposition of the particles in the base of the lung. The particle size must be 1.0--5.0 μm for the drug to deeply penetrate the lungs; particles that are larger than 6 μm are generally deposited in the upper respiratory tract, and those less than 1 μm are exhaled without deposition.[@b47-ijn-12-8239] The geometric particle size of PMs was 3.373 μm, and tapped density was 0.286±0.007 g/cm^3^. The d~ae~ (1.804±0.022 μm) was calculated from both these parameters. PMs exhibited a particle diameter range (1--5 μm) suitable for inhalation. The PDI value was between 0.123 and 0.456, and the particle size was distributed in a narrow range. The results of light scattering experiments confirmed the sizes of OA-CNPs, PTX-OA-CNPs, QUE-OA-CNPs, and PMs detected by TEM observation. The zeta potential measurement showed that OA-CNPs, PTX-OA-CNPs, and QUE-OA-CNPs exhibit positive zeta potential (32.9, 24.2, and 26.0 mV), proving that the NPs possess positively charged surfaces because of the CTS coating with free amino groups; in addition, high zeta potential also indicated the high physical stability of NPs. These results suggest that OA-CNPs, PTX-OA-CNPs, and QUE-OA-CNPs offer suitable particle size for cellular uptake, and positive surface charge was beneficial to the binding of the negatively charged cellular surfaces.[@b48-ijn-12-8239]

Attenuated total reflectance FT-IR
----------------------------------

As shown in [Figure 1B](#f1-ijn-12-8239){ref-type="fig"}, compared with OA-CTS, the OA-CNPs reveal decrement and a slight shift in peak intensity at 3,448, 1,628, 1,373, and 1,077 cm^−1^. The characteristic peaks of 2,927 and 2,844 cm^−1^ disappeared in the curve of the OA-CNPs. These results confirm that amino groups are involved in cross-linking with phosphate group in TPP; in the case of the prepared OA-CNPs, no new substance was formed. PTX shows its characteristic peaks at 3,411 (O-H stretching), 1,730 (C=C stretching), 1,635 (N-H stretching), and 1,070 cm^−1^ (C-O stretching). Meanwhile, the FT-IR spectra of QUE exhibit absorption bands, including those of gOH (3,399 cm^−1^), gC=O (1,670 cm^−1^), C=C (-Ar) (1,610 cm^−1^), d-CH~3~ (1,389 cm^−1^), and rC=O (1,210 cm^−1^). The spectra of the PTX-OA-CNPs and the QUE-OA-CNPs did not exhibit the PTX and QUE characteristic peaks of 1,730 and 1,210 cm^−1^, respectively. Further in the PTX-OA-CNPs and QUE-OA-CNPs, the relevant peaks of PTX and QUE showed that no new characteristic peaks were generated, and only a slight shift in their peaks confirmed the encapsulation of PTX and QUE. The characteristic peaks of the blank PMs and PMs were similar to those of OA-CNPs, similarly revealing a slightly significant shift and increment. The results suggest the absence of any chemical interaction between drugs and carrier material during the preparation of drug-loaded CNPs or spray-drying.

DSC
---

DSC was performed to further characterize the PMs formulated under different compositions. The DSC curves of PMs, a physical mixture of all solid objects, PTX-OA-CNPs, QUE-OA-CNPs, PTX, QUE, and OA-CTS are shown in [Figure 1C](#f1-ijn-12-8239){ref-type="fig"}. The DSC thermogram of OA-CTS shows a sharp melting endotherm at 189.86°C, whereas those of OA-CTS and PTX demonstrated a relatively small peak at 242.12°C and 161.01°C, respectively. The thermogram of the physical mixture shows virtually the overlap of each individual component, except for several slight decreases and drifts at 161.59°C and 228.48°C. However, PTX-OA-CNPs, QUE-OA-CNPs, and PMs showed no endothermic peak. The PTX and QUE endothermic peaks completely disappeared in PTX-OA-CNPs, QUE-OA-CNPs, and PMs. This proves that PTX-OA-CNPs, QUE-OA-CNPs, and PMs exist in the amorphous form. These results indicate the entrapment of PTX and QUE molecules into OA-CNPs, subsequently forming PMs, and the strong interaction between drugs and OA-CNPs suggests that the drug may be potentially released slowly in vivo.

Crystallinity of NPs
--------------------

XRD was used to investigate the physical state and crystallinity of different compositions. [Figure 1D](#f1-ijn-12-8239){ref-type="fig"} shows the XRD patterns of pure PTX, QUE, OA-CTS, PTX-OA-CNPs, QUE-OA-CNPs, a physical mixture of all solid objects, and PMs. OA-CTS exhibits two characteristic broad peaks at 11.02° and 20.12°, which indicates the low degree of crystalline nature of OA-CTS. This property was considered to be due to the layered structure of CTS, in which numerous glucosamine units and two OA units form the crystal.[@b49-ijn-12-8239] Evidently, pure PTX shows sharp and high intense characteristic peaks; pure QUE also shows a series of sharp crystalline peaks, indicating that pure PTX and QUE are highly polycrystalline in nature. Furthermore, with the formation of PTX-OA-CNPs and QUE-OA-CNPs, the sharp crystal peaks of OA-CTS, PTX, and QUE disappear and a new broad amorphous peak could be detected. The physical mixture shows all of the specific peaks of PTX, QUE, and OA-CTS. The formation of a broad amorphous peak indicates that PTX and QUE are completely and successively encapsulated into the OA-CNPs cores. Similarly, PMs only show a broad amorphous peak, also indicating amorphous drug formation; no large amount of free drug exists on the surface of PMs, and the PMs are composed of a large number of PTX-OA-CNPs and QUE-OA-CNPs.[@b50-ijn-12-8239]

Determination of PM redispersibility
------------------------------------

The particle size distributions of CNPs (redispersibility of PMs in [Figure 3A](#f3-ijn-12-8239){ref-type="fig"}) reveal a mean average size of 199.5 nm in [Figure 3E](#f3-ijn-12-8239){ref-type="fig"}, as well as uniform size distribution with a PDI of 0.201. The PMs were immediately redispersed in water within 1 h because of the heavy use of disintegrating agents (mannitol and lactose). Compared with NPs before spray-drying, CNPs showed smaller particle size after PM redispersibility. Moisture could not easily enter the hydrophobic NP core. TEM was used to study the overall structural characteristics of the CNPs (PM redispersibility). The typical representative images show that the CNPs present a spherical shape and a dispersed structure. Meanwhile, TEM shows spherical-shaped NPs of size range within 100--250 nm for CNPs, as is in accordance with the above results. These results show that PMs could redisperse into a large number of CNPs in the polar environment of the alveoli.

Stability test after redispersibility of PMs
--------------------------------------------

The change in particle size and PDI of NPs after redispersibility of PMs at 72 h is shown in [Figure 2D](#f2-ijn-12-8239){ref-type="fig"}. They showed no obvious aggregation at 37°C for 48 h, particle size less than 400 nm, and PDI less than 0.4. These suggested that the size distribution of the NPs after redispersibility of PMs was narrow at 48 h. The particle size and PDI increased to more than 500 nm and 0.5 up to 72 h. The experimental result indicated that these NPs could keep their structural stability after redispersibility of PMs even at the humid inner environment in vivo within 48 h.

In vitro release
----------------

The in vitro release of drugs from free PTX, free QUE, and PMs was estimated by dialysis bag diffusion method at appointed time points under drain conditions at both pH 7.4 and 4.5 within 48 h. The CR curves of PTX or QUE from the prepared NPs at different pH values are shown in [Figure 4](#f4-ijn-12-8239){ref-type="fig"}. The PMs presented a continuous slow release of drugs for up to 48 h. At pH 7.4, pure QUE and PTX were almost totally released in 8 h, whereas the release of PTX and QUE from PMs showed two stages (burst release and sustained release). In the initial 2 h, PMs showed burst release of 21.87% of PTX and 27.83% of QUE. Sustained release of PTX and QUE occurred during the remaining time which resulted in the release of 41.40% of PTX and 52.88% of QUE from the PMs. When the pH of release medium decreased, free drugs also exhibited relatively rapid PTX and QUE release, with 86.34% and 84.82%, respectively, released at pH 4.5 in 10 h. A burst drug release of the PTX and QUE from PMs was observed during the first 2 h, with 17.98% and 34.08% of drugs released from PMs, respectively. The burst release was followed by a sustained release up to 48 h, and at the end, approximately 56.21% of PTX and 65.85% of QUE were released. The burst release occurred due to the encapsulated drugs, and several free drugs dispersed on the PMs could contribute to drug release with pH 7.4 or pH 4.5 of the release medium. Thus, the drug rapidly reaches an effective concentration at the target site. Afterward, the sustained release is due to the OA-CNPs interconnection and diffusion of drugs from gaps in the polymer matrix. This release allows the drug to stay at an effective concentration in circulation over time. In particular, the drug release at pH 4.5 surpassed that at pH 7.4. As the pH values dropped lower, the remaining amine groups became protonated and generated repulsive force by similar positive charges. Thereby, during the disintegration of PMs, the OA-CNPs shell becomes loose and swollen and is dissolved in the medium, leading to a rapid release of a large amount of drugs encapsulated in them, which indicates that the drug-loaded OA-CNPs may be easier to release in a low-pH environment.[@b51-ijn-12-8239] The result suggests that PMs made up of both PTX-OA-CNPs and QUE-OA-CNPs are able to sustain the release of encapsulated drugs compared with free drugs. In addition, the release characteristic of the drug-loaded OA-CNPs ensures the release in the tumor cells (lower pH than the normal).[@b52-ijn-12-8239]

As shown in [Table 2](#t2-ijn-12-8239){ref-type="table"}, the PTX and QUE release mechanism from PMs was set up and estimated by some mathematical models. The optimal model of the fitting was obtained with the Korsmeyer--Peppas model. The release of PTX and QUE from PMs at pH 7.4 and pH 4.5 appears to follow Korsmeyer--Peppas model, where *n* is the diffusional exponent indicative of the mechanism of drug release in this model. All values of n\<0.45 indicate the mechanism of release of PTX and QUE from PMs was Fickian diffusion.

Hemolysis assay
---------------

Blood compatibility is an important index for biomaterials determined by in vitro erythrocyte-induced hemolysis assay ([Figure 5](#f5-ijn-12-8239){ref-type="fig"}). In this study, the blood compatibility of PTX, QUE, and PMs was evaluated using this assay at a certain concentration range. Saline solution and 1% Triton X-100 were used as negative and positive controls, respectively. The positive control showed 100% hemolysis with completely lysed red cells (*P*≤0.01). The results in [Figure 5A](#f5-ijn-12-8239){ref-type="fig"} show that the hemolysis rate of the samples is within the acceptable level of 5%, which is a safe critical value for biomaterials according to ISO/TR 7406.[@b46-ijn-12-8239] The results indicate that the damage caused by PTX, QUE, and PMs to the erythrocytes was minimal, and thus, the PMs could be used in clinical practice.

In vivo pharmacokinetic study in rats
-------------------------------------

The mean plasma concentration--time profiles of PTX and QUE after single intravenous administration, combined intravenous administration, and pulmonary administration in rats are shown in [Figure 6](#f6-ijn-12-8239){ref-type="fig"}. Relative to single PTX administration, PMs administration or combined intravenous administration resulted in higher plasma PTX concentrations at 0.5, 1, 3, and 6 h, respectively. In addition, the main pharmacokinetic parameters are summarized in [Table 3](#t3-ijn-12-8239){ref-type="table"}. [Figure 6](#f6-ijn-12-8239){ref-type="fig"} demonstrates that the mechanism is best described by a two-compartment model. PTX and QUE are rapidly absorbed, and the peak level is achieved before 1 h.

PTX alone can be cleared rapidly with a half-life of 1.13 h in plasma. The *t*~1/2~ and area under the curve (AUC~0--~*~t~*) of combined intravenous administration were higher than those of single intravenous administration. The *T*~max~, *C*~max~, and CL values changed minimally throughout the two modes of intravenous administration. PTX from combined intravenous administration showed a tendency to be more slowly cleared from blood than PTX from single intravenous administration. Pharmacokinetic results suggest the pharmacokinetic interactions between QUE and PTX, and that QUE affects the pharmacokinetic parameters of PTX. QUE could be combined with the P-gp of cell, which participates in the cell elimination of PTX. The *T*~max~, *t*~1/2~, and AUC~0--~*~t~* of pulmonary administration were significantly higher than those of combined or single intravenous administration (*P*\<0.05), whereas the CL and *C*~max~ were lower than those of other groups. Pulmonary administration with PMs significantly affected the pharmacokinetics of PTX in rats. After pulmonary administration with PMs, the postponed *T*~max~ demonstrated that the absorption of PTX slowed down. The decreased *C*~max~ indicated that the amount of PTX exposed in plasma reduced and released steadily. The pharmacokinetics of PMs improved by controlling the in vitro release of PTX and QUE. Results showed that combined intravenous administration and pulmonary administration could improve the PTX absorption rate, amount, and pharmacokinetics. The bioavailability of PTX was significantly enhanced by the pulmonary administration of PMs.

In vivo tissue distribution in rats
-----------------------------------

The tissue distribution results of different administration modes are shown in [Figure 7](#f7-ijn-12-8239){ref-type="fig"}. The PTX and QUE concentrations in the lung were markedly increased (*P*\<0.01). After pulmonary administration, the tissue distribution of PTX and QUE in the lung was significantly increased at the pre-determined time points compared with other tissues. At 6 h after pulmonary administration, PTX concentration in the lung remained high (206.27 μg/g), whereas a relatively low distribution in the heart (2.61 μg/g), liver (8.82 μg/g), spleen (6.94 μg/g), and kidney (5.01 μg/g) was found at the same time. QUE concentration in various tissues was similar to that of PTX at 6 h after pulmonary administration. Tissue biodistribution in rats indicates that PMs would mostly be deposited in the lung, thereby enhancing the lung PTX and QUE concentrations and decreasing their concentration in other tissues, reducing the clearance rate of drugs in vivo and improving therapeutic effects.

As shown in [Figure 7A](#f7-ijn-12-8239){ref-type="fig"}, the PTX concentration after a single intravenous administration decreased rapidly in the heart, liver, lungs, spleen, and kidneys after 6 h. No significant differences were observed between the single intravenous administration and combined intravenous administration in the amount of PTX in the organs analyzed in the first 3 h. Analysis of the biodistribution of PTX and QUE in the major organs indicated that the majority of these drugs are distributed to the liver at 0.5 h after single intravenous administration or combined intravenous administration. PTX concentration in the liver, lung, and kidney was significantly increased (*P*\<0.01) at 6 h in the presence of QUE; besides, PTX concentration in the heart was detected at 6 h in the presence of QUE, indicating that QUE could achieve the improved retention time of PTX in vivo, as well as improved therapeutic efficacy and potency.

After the pulmonary administration of PMs ([Figure 7E and F](#f7-ijn-12-8239){ref-type="fig"}), the distribution of PTX and QUE in the lung was significantly increased at the predetermined time points compared with other tissues. At 6 h after pulmonary administration, the PTX concentration in the lung remained high, whereas a relatively low distribution in the heart, liver, spleen, and kidney was found. Meanwhile, relative to single PTX, the PTX concentration increased significantly in various organs. The high PTX concentration observed in the lung represents the biodistribution of PMs because the PTX and QUE were integrated in the lung. As the PMs started to dissolve, PTX and QUE were slowly released from the depolymerizing PMs. These results demonstrate that PMs can significantly improve the retention time of PTX in vivo. Increased drug retention by PMs relative to single or combined intravenous administration was also demonstrated at the same time points. The results clearly show that compared with sole PTX, the PMs were eliminated more slowly from blood. The biodistribution study in rats indicated that PMs would mostly be deposited in the lung and slowly released drugs, possibly enhancing the lung PTX concentration and thus extending the release time of PTX.

Conclusion
==========

In this study, dispersible nanopolymeric microspheres suitable for inhalation applications were successfully pre-pared using an ionic cross-linking method combined with a spray-drying method using synthesized amphiphilic CTS (OA-CTS). These PMs were then loaded with hydrophobic PTX and QUE. The synthesized carrier materials (OA-CTS) offered good stability and sizes. The PTX-OA-CNPs, QUE-OA-CNPs, and PMs exhibited excellent properties of complete particle morphology and homogeneity. PMs are polymers formed by a large number of NPs and possessed good inhalable particle diameter (1--5 μm), uniformity, and redispersibility. PMs displayed good slow-release characteristics at pH 4.5 and 7.4. Moreover, the combination of PTX and QUE exhibited a marked increase in PTX retention in vivo. PMs significantly promoted the pulmonary absorption of PTX and prolonged blood circulation compared with single and combined intravenous administration of PTX and QUE, and also showed sustained-release effects. PTX concentration in the lung after pulmonary PM administration remained significantly high within 6 h. Lung accumulation of the PTX was enhanced numerous times, because of the sustained release of PMs. Overall, PMs can serve as a promising pulmonary delivery system for combined pharmacotherapy using hydrophobic anticancer drugs.
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![(**A**) FT-IR spectra of CTS and the mixtures of OA and CTS at weight ratios from 1:5 to 4:5. (**B**) FT-IR spectra of CTS, OA-CTS, OA-CNPs, PTX, PTX-OA-CNPs, QUE, QUE-OA-CNPs, blank PMs, and PMs. (**C**) DSC thermograms and (**D**) XRD patterns of OA-CTS, PTX, PTX-OA-CNPs, QUE, QUE-OA-CNPs, physical mixture of all solid objects, and PMs.\
**Abbreviations:** FT-IR, Fourier transform infrared spectroscopy; CTS, chitosan; OA, oleic acid; OA-CTS, OA-conjugated CTS; OA-CNPs, OA-CTS nanoparticles; PTX, paclitaxel; PTX-OA-CNPs, nanoparticles loaded with PTX; QUE, quercetin; QUE-OA-CNPs, nanoparticles loaded with QUE; PMs, polymeric microspheres; DSC, differential scanning calorimetry; XRD, X-ray diffraction.](ijn-12-8239Fig1){#f1-ijn-12-8239}

![TEM image of (**A**) OA-CNPs, (**B**) PTX-OA-CNPs, and (**C**) QUE-OA-CNPs. (**D**) Particle size and PDI of NPs after redispersibility of PMs at 37°C as a function of time.\
**Abbreviations:** TEM, transmission electron microscopy; OA-CNPs, oleic acid-conjugated chitosan NPs; PTX-OA-CNPs, NPs loaded with paclitaxel; QUE-OA-CNPs, nanoparticles loaded with quercetin; PDI, polydispersity index; NPs, nanoparticles; PMs, polymeric microspheres.](ijn-12-8239Fig2){#f2-ijn-12-8239}

![(**A**) Schematic illustration of PMs and the redispersed PMs. SEM image of PMs with scale bar of (**B**) 5 μm, (**C**) 2 μm, and (**D**) 500 nm. (**E**) TEM analysis of particle size distribution and zeta potential after redispersibility of PMs.\
**Abbreviations:** PMs, polymeric microspheres; PDI, polydispersity index; SEM, scanning electron microscopy; TEM, transmission electron microscopy; PTX-OA-CNPs, nanoparticles loaded with paclitaxel; QUE-OA-CNPs, nanoparticles loaded with quercetin.](ijn-12-8239Fig3){#f3-ijn-12-8239}

![In vitro release profiles of QUE, PTX, and PMs obtained using the dialysis method at 37°C in (**A**) 0.2 M PBS (pH 7.4) and (**B**) 0.2 M PBS (pH 4.5). Data shown are the mean ± standard deviations (n=3).\
**Abbreviations:** QUE, quercetin; PTX, paclitaxel; PMs, polymeric microspheres; PBS, phosphate buffer saline.](ijn-12-8239Fig4){#f4-ijn-12-8239}

![(**A**) Percentage hemolysis versus concentration of PMs. Data shown are the mean ± standard deviations (n=3, \*\**P*\<0.01). (**B**) Hemolysis assay of PTX, QUE, and PMs.\
**Abbreviations:** PMs, polymeric microspheres; PTX, paclitaxel; QUE, quercetin.](ijn-12-8239Fig5){#f5-ijn-12-8239}

![(**A**) The mean plasma concentration--time profiles of PTX and QUE after single intravenous administration and combined intravenous administration in rat plasma. (**B**) The mean plasma concentration--time profiles of PTX and QUE after combined intravenous administration and pulmonary administration in rat plasma. Data shown are the mean ± standard deviations (n=6).\
**Abbreviations:** PTX, paclitaxel; QUE, quercetin; PMs, polymeric microspheres.](ijn-12-8239Fig6){#f6-ijn-12-8239}

![Concentration of PTX and QUE accumulated in different organs measured using HPLC at 0.5, 1, 3, and 6 h after (**A** and **B**) single intravenous administration, (**C** and **D**) combined intravenous administration, and pulmonary administration (**E** and **F**).\
**Abbreviations:** PTX, paclitaxel; QUE, quercetin; HPLC, high-performance liquid chromatography.](ijn-12-8239Fig7){#f7-ijn-12-8239}

![Synthesis and preparation scheme of PMs.\
**Abbreviations:** PMs, polymeric microspheres; CTS, chitosan; OA, oleic acid; OA-CTS, OA-conjugated CTS; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; NHS, N-hydroxysuccinimide; PTX, paclitaxel; TPP, sodium tripolyphosphate; QUE, quercetin; PTX-OA-CNPs, nanoparticles loaded with PTX; QUE-OA-CNPs, nanoparticles loaded with QUE.](ijn-12-8239Fig8){#f8-ijn-12-8239}

###### 

Mean hydrodynamic diameter, polydispersity index, and zeta potential of nanoparticles made of OA-CTS of different DS

  Nanoparticles                                             DS (%)   Particle size (nm)   Polydispersity index                                Zeta potential (mV)
  --------------------------------------------------------- -------- -------------------- --------------------------------------------------- --------------------------------------------------
  CTS                                                                435.1±12.3           0.203                                               35.3
  OA-CTS (1:5)[a](#tfn1-ijn-12-8239){ref-type="table-fn"}   5        376.4±9.8            0.177                                               36.1
  OA-CTS (2:5)                                              7        326.3±15.2           0.168                                               32.7
  OA-CTS (3:5)                                              11       226.1±10.3           0.123                                               32.0
  OA-CTS (4:5)                                              27       150.4±28.6           0.221[\*](#tfn2-ijn-12-8239){ref-type="table-fn"}   15.5[\*](#tfn2-ijn-12-8239){ref-type="table-fn"}

**Notes:**

The mixtures of OA and CTS were prepared for OA-CTS at weight ratios of 1:5.

*P*\<0.05, significant difference between OA-CTS (4:5) and other groups.

**Abbreviations:** OA-CTS, OA-conjugated CTS; DS, substitution degree; CTS, chitosan; OA, oleic acid.

###### 

Correlation coefficient (*R*^2^) of various release kinetic models for PTX, QUE, and PMs

  Release model           pH 7.4           pH 4.5                                                                                                
  ----------------------- ---------------- ---------------- ---------------- ---------------- ---------------- ---------------- ---------------- ----------------
  Zero order              0.9727           0.8844           0.4562           0.4726           0.9219           0.8324           0.5213           0.3679
  First order             0.9796           0.9848           0.5189           0.5701           0.9962           0.9803           0.6848           0.6637
  Higuchi                 0.9623           0.9591           0.7252           0.7367           0.9828           0.9367           0.7809           0.6357
  Korsmeyer--Peppas (n)   0.9792 (0.828)   0.9464 (0.615)   0.8574 (0.247)   0.8622 (0.263)   0.9600 (0.721)   0.9278 (0.538)   0.8265 (0.385)   0.7677 (0.278)

**Abbreviations:** PTX, paclitaxel; QUE, quercetin; PMs, polymeric microspheres.

###### 

Pharmacokinetic parameters of QUE and PTX after single intravenous administration, combined intravenous administration, and pulmonary administration in rats

  Pharmacokinetic parameters       Single intravenous administration   Pulmonary administration   Combined intravenous administration                   
  -------------------------------- ----------------------------------- -------------------------- ------------------------------------- ------- ------- -------
  *T*~max~ (h)                     0.08                                0.083                      0.94                                  1.35    0.083   0.083
  *C*~max~ (mg/L)                  22.97                               33.10                      10.54                                 15.18   21.86   30.99
  AUC~0--~*~t~* (mg·L^−1^·h^−1^)   7.89                                35.44                      29.62                                 57.03   11.09   56.18
  CL_F (mg/mg^−1^·L^−1^/h)         1.86                                0.56                       2.533                                 0.25    1.28    0.22
  *t*~1/2~ (h)                     0.32                                1.13                       3.58                                  2.05    1.29    1.41

**Abbreviations:** QUE, quercetin; PTX, paclitaxel; *t*~½~, elimination half-life.
